Rationale: Macrophage elastase (matrix metalloproteinase [MMP]-12) is a potent protease that contributes to the lung destruction that accompanies cigarette smoking; it simultaneously inhibits lung tumor angiogenesis and metastasis by catalyzing the formation of antiangiogenic peptides. Recent studies have revealed novel nonproteolytic functions of MMP12, including antimicrobial activity through a peptide within its C-terminal domain (CTD).
Lung cancer is the leading cause of cancer mortality in the United States, and despite recent progress in the management of many cancers, death rates among patients with lung cancer remain alarmingly high (1) . Lung cancer is strongly correlated to a history of cigarette smoking (2) , which is accompanied by damage and remodeling cycles that underlie the pathogeneses of other smoking-related diseases (3) . Matrix metalloproteinases (MMPs) are among the key endogenous mediators of these alterations in lung structure and function (4) (5) (6) , and MMPs also play critical roles in tumor biology. Although the overall effect of MMPs is to promote tumor progression (7) , some MMPs, particularly MMP12, seem to work for the host in inhibiting tumor progression (8, 9) .
The MMPs constitute a family of 24 members with many common functional and structural characteristics, including an amino-terminal proenzyme domain and a zinc-containing catalytic domain. Most MMPs also contain a carboxy-terminal hemopexin-like domain, whereas some possess additional features, such as a transmembrane domain (10) . In the context of malignancies, historical studies have focused on the MMPs' abilities to penetrate basement membranes and clear routes for tumor invasion (11, 12) . More recent evidence has shown an increasingly diverse role for MMPs in cancer progression encompassing the release of matrix-bound growth factors (13) , generation of chemotactic gradients (14) , and modulation of tumor angiogenesis (8, 15, 16) . Hence, MMPs have garnered significant attention as potential targets for anticancer treatment (10, 17) . However, although MMP inhibitors showed therapeutic promise in murine models of cancer (18, 19) , their efficacies in clinical trials have been surprisingly disappointing (20) . The failure of these drugs in human cancers is likely caused by the diversity of MMPs, whereby certain MMPs consistently promote tumorigenesis, whereas others exhibit both protumorigenic and antitumorigenic properties depending on the tumor type, disease stage, and cellular source (10, 21) .
Macrophage elastase (MMP12) is one of the most highly up-regulated genes in the lungs of cigarette smokers (22) , yet its role in lung cancer remains controversial. Gene expression studies have shown significant associations between increased MMP12 expression and risk of local recurrence and metastasis in non-small cell lung cancer (NSCLC) (23, 24) . In contrast, promoter polymorphisms causing increased MMP12 expression have been linked to prolonged survival in a cohort of patients with lung cancer (25) . Meanwhile, murine models have shown a protective role for MMP12 against lung tumor growth (9) and metastasis (8) attributed to its ability to generate the antiangiogenic peptides endostatin (from type XVIII collagen) and angiostatin (from plasmin [ogen] ) (26, 27) . Taken together, the anticancer effects of MMP12 may impede the development or progression of lung cancer in human smokers.
We recently demonstrated a role for MMP12 that extends beyond its proteincleaving function, because the conserved SR20 peptide in its C-terminal domain (CTD) directly enhances bacterial killing (28) . We hypothesized that MMP12 may also modulate cancer cell growth independent of its catalytic function. To explore the extraproteolytic roles of MMP12 in lung cancer, we subjected both lung cancer cells and primary lung cells to full-length MMP12 and fragments of both its catalytic domain and CTD. Through this in vitro model, we were able to delineate a novel mechanism by which the CTD of MMP12, through the activity of the SR20 peptide, suppresses tumor growth while sparing noncancerous lung cells. Furthermore, we provide initial evidence supporting the efficacy of SR20 as a peptide chemotherapeutic in two murine models of lung cancer.
Methods
Cells A549 (ATCC #CCL-185; human NSCLC; KRAS-G12S), H1650 (ATCC #CRL-5883; human NSCLC; KRAS-wild type; PTENnull), mouse lung epithelial (ATCC #CRL-2110), and LL47 (ATCC #CCL-135; human lung fibroblast) cells were obtained from ATCC (Manassas, VA). 91T (human NSCLC; KRAS-G12V) and 201T (human NSCLC; KRAS-wild type) cells were kindly provided by Dr. Jill Siegfried (29) . Murine KW-857 cells (mouse adenocarcinoma; KRAS-G12D; LKB 2/2 ) were kindly provided by Dr. Kwok Wong (30) .
Human bronchial epithelial cells were a kind donation from Dr. Michael Myerberg. Primary murine fibroblasts were isolated as described previously (31) . The previously mentioned cells were cultured in Dulbecco's modified Eagle medium (Invitrogen, Carlsbad, CA) with L-glutamine supplementation, 10% fetal bovine serum (Hyclone, Logan, UT), and 50 U/ml of penicillin/streptomycin (Invitrogen). Human microvascular endothelial cells were purchased from Lonza and grown in EGM2-MV culture media (Lonza, Basel, Switzerland).
Peptides
Human SR20 and SR20-GFP were synthesized at the University of Pittsburgh's protein core as described (28) . Purity of SR20 was determined by HPLC analysis (see Figure E1A in the online supplement). Human (IgG1 Fc-FLAG)-MMP12 CTD was synthesized by GenScript (Piscataway, NJ) and purity was determined by densitometric analysis (ImageJ, https:// imagej.nih.gov/ij/; data not shown) of Coomassie blue (VWR International, Radnor, PA) staining of sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel (see Figure E1B ) per the manufacturer's instructions. Recombinant human MMP12 catalytic domain (CAT) was synthesized as described previously (32) . MMP9 CTD was synthesized as described previously (28) . Peptide sequences are provided in Table E1 .
Cell Culture
All cells were maintained in a humidified incubator at 37 8 C and 5% CO 2 . Cells were treated with 20-50 mg/ml SR20 (in 10% dimethyl sulfoxide; Sigma-Aldrich, St. Louis, MO), 50 mg/ml CTD, 50 mg/ml MMP9 CTD, 100 mg/ml CAT, or 30-100 ng/ml recombinant human (rh) tumor necrosis factor-related apoptosis-inducing ligand (TRAIL; R&D Systems, Minneapolis, MN) for 1 hour in serum-free Dulbecco's modified Eagle medium and then incubated in serum-free media for 24-72 hours. For inhibitor experiments, cells were preincubated with 20 mM Z-IETD-FMK caspase-8 blocking peptide (BD Pharmingen, San Jose, CA), 20 mM Z-LEHD-FMK caspase-9 blocking peptide (BD Pharmingen), 3 ng/ml recombinant human TRAIL-R1 Fc chimera (rhDR4:Fc; R&D Systems), or 0.25 mg/ml mouse monoclonal (2E5) anti-TRAIL antibody (Abcam, Cambridge, UK) for 30 minutes before the addition of SR20/CTD/CAT/rhTRAIL and remained for the hour of treatment. The anti-TRAIL antibody was reapplied to the media at 0.25 mg/ml after the 1-hour treatment period.
Murine Lung Cancer Models
For orthotopic lung A549 xenografts, pathogen-free NU/J mice were intratracheally xenotransplanted at age 7-9 weeks with 10 7 A549 cells in 35 Figure 1B) , suggesting that MMP12 is necessary for the reduced titrated thymidine uptake by A549 cells seen in macrophage coculture.
MMP12 is translated as a 470 amino acid protein consisting of a 9-kD aminoterminal prodomain that is cleaved on activation, a 22-kD catalytic domain, and a 23-kD carboxy-terminal hemopexin-like domain ( Figure 1C ) (34) . To localize the effects of MMP12 on thymidine incorporation, we quantified the [ 3 H]-thymidine uptake of A549 cells treated with either the CAT or CTD of recombinant human MMP12. CTD caused a pronounced decrease in [ 3 H]-thymidine uptake compared with vehicle-treated control animals, whereas neither CAT nor the CTD of the similarly elastolytic human MMP9 (35) had a significant effect on uptake ( Figure 1D ). Furthermore, the antiproliferative effect of CTD was mimicked with the highly conserved CTD fragment SR20 that has previously been shown to enhance bacterial killing by macrophages ( Figure 1E ). Taken together, these data localize a stunting effect on thymidine incorporation by CTD and SR20 that may be unique to MMP12.
To examine the breadth of this effect beyond A549 cells, we exposed a variety of primary and adenocarcinoma cells to CTD or SR20 and quantified [ 3 H]-thymidine uptake. Adenocarcinoma cell lines included human A549 and 91T (29) cells as well as murine KW-857 cells (30) . Nontransformed cells of both murine and human origin included primary murine fibroblasts, murine lung epithelial cells, human lung fibroblasts (LL47), human microvascular endothelial cells, and human bronchial epithelial cells. Consistently, CTD and SR20 stunted the 
MMP12 CTD Traffics to the Nucleus and Initiates the Transcription of TRAIL
Because CTD and SR20 induced apoptosis while their effects on [ 3 H]-thymidine uptake were limited to cancerous cells, we suspected that they exert their apoptotic effects through TRAIL (also known as TNFSF10), which has also been shown to have specific effects on cancer cell viability (36) . TRAIL exists as both a type II transmembrane (36) and soluble TRAIL polypeptide (37) whose binding to death receptors 4 (DR4) or 5 triggers apoptotic cell death (38, 39) . Incubation of A549 cells with CTD or SR20 led to a significant increase in TRAIL and DR4 mRNA ( Figure 3A ; see Figure  E5A ) and protein ( Figure 3B ; see Figure  E5B ) expression, and an 80-fold increase in soluble TRAIL protein ( Figures 3C and  3D ) after 48 hours incubation. In agreement with a recent study (40) , we found that CTD and SR20 traffic to the nucleus of A549 cells (Figures 3E and  3F ; see Figure E5C ), suggesting that CTD may activate an apoptotic transcriptional program much like the antiviral response triggered by MMP12's catalytic domain (40) . Indeed, CTD, but not IgG Fc, bound to multiple DNA fragments directly upstream of the TRAIL gene Tnfsf10 in electrophoretic mobility shift assays (see Figures  E6A-E6C) . To confirm the CTDresponsiveness of the TRAIL promoter, we transfected A549 cells with firefly luciferase-encoding plasmids pGL2-Basic, pGL2-Control, and pGL2-TRAIL, in which the luciferase gene is flanked at its 59 end by no promoter, the CMV promoter, or the 1,523 base-pair region upstream of the Tnfsf10 gene (41), respectively. CTD treatment significantly increased the luciferase activity of pGL2-TRAILtransfected cells, whereas it had no effect on those transfected with either pGL2-Basic or pGL2-Control ( Figure 3G ).
MMP12 CTD Sensitizes Tumor Cells to TRAIL-mediated Apoptosis
To determine whether activation of the TRAIL-DR4 axis was responsible for the induction of apoptosis in A549 cells after CTD treatment, we inhibited TRAIL signaling with a recombinant human DR4: IgG Fc chimera (rhDR4:Fc) during [ 3 H]-thymidine incorporation assays. rhDR4:Fc completely abolished the effects of CTD on [ 3 H]-thymidine uptake ( Figure 4A ), and we confirmed rhDR4:Fc similarly abolished those effects by SR20 (see Figure E7A ). As expected, treatment of A549 cells with CTD ( Figure 4B ) or SR20 (see Figure E7B ), but not CAT, led to cleavage and activation of the apoptotic effector caspase (Casp)-3, which was inhibited by pretreatment with a neutralizing antibody to TRAIL ( Figure 4C ). Likewise, CTD treatment increased the percentage of TUNELpositive cells ( Figures 4D and 4E ), further indicating that CTD causes A549 cell apoptosis. Mirroring its effects on A549 cell proliferation, rhDR4:Fc blunted Casp3 cleavage induced by CTD ( Figure 4F ). TRAIL-bound DR4 initiates apoptotic cell death through Casp8 (42) , which can trigger apoptosis by direct cleavage of Casp3 (43) or intrinsic pathway signaling leading to Casp9 activation (44) (45) (46) and subsequent Casp3 cleavage. Previous ORIGINAL ARTICLE reports indicated that type II pneumocytes, which share many properties with A549 cells (47) , require the activation of both pathways to overcome antiapoptotic mechanisms (48) ; similarly, we found that Casp3 cleavage in CTD-treated A549 cells was blunted by antagonistic blocking peptides to either Casp8 or Casp9 ( Figure 4G ).
Resistance to TRAIL-mediated apoptosis has been a major obstacle in the therapeutic use of TRAIL, and A549 cells have been reported to be largely insensitive to recombinant human TRAIL (rhTRAIL) treatment (49) . To interrogate the effects of the MMP12 CTD on TRAIL-resistance pathways, we compared apoptotic mediators in A549 cells treated with either CTD alone, 100 ng/ml rhTRAIL alone, or CTD plus 30 ng/ml rhTRAIL. CTD treatment caused reduced levels of antiapoptotic proteins phospho-Bcl-2-associated death promoter (50) (pBad), B-cell lymphoma-extra-large (Bcl-xL), and X-linked inhibitor of apoptosis (51) (XIAP), along with increases in the proapoptotic proteins Bad and Bcl-xS (52), all of which have been linked to TRAIL sensitivity (53-55) and were unaffected by rhTRAIL alone ( Figure 4H ). Likewise, CTD treatment decreased the levels of prosurvival proteins nuclear factor k-light-chainenhancer of activated B cells, AKT, and p44/42 mitogen-activated protein kinase linked to alternative TRAIL signaling in resistant cells (49, 56) , whereas their levels were unchanged by rhTRAIL ( Figure 4I ). Meanwhile, CTD treatment decreased the expression of cellular FLICE (FADD-like IL1b-converting enzyme)-inhibitory protein in A549 cells ( Figure 4J ), which functions in both TRAIL-resistance and the acquisition of prosurvival TRAIL-signaling phenotypes (49) . Taken together, these data and the upregulation of DR4 by CTD suggest that CTD sensitizes A549 cells to TRAIL-mediated apoptosis.
SR20 Is Therapeutic In Vivo in Murine Models of Lung Cancer
To confirm the importance of these findings in vivo and examine the feasibility of CTD as a chemotherapeutic, we instilled cancerous mice intratracheally with SR20, which contains the antitumor activity of CTD. The therapeutic efficacy of SR20 in vivo was first tested on an orthotopic A549 lung xenograft in athymic nude mice (NU/J). One week after A549 cell implantation, mice were given intratracheal instillations of SR20 or vehicle control two times per week for 10 weeks, and mice given SR20 experienced a 60% reduction in lung tumor area compared with vehicle-treated mice ( Figures 5A and 5B) . Furthermore, the lungs of SR20-treated mice had significantly reduced tumor multiplicity, defined as the number of observed tumors per unit of cross-sectional lung area, compared with vehicle-treated control animals (see Figure E8A ), suggesting that SR20 eliminated previously established tumors or prevented the development of new tumors during the treatment period. In a second murine model of endogenous lung cancer (Kras LSL/G12D ), tumors were induced by intratracheal delivery of AdCre to trigger oncogenic Kras expression (57) . Seven weeks after AdCre delivery, mice were begun on a regimen of either SR20 or vehicle control by twice weekly intratracheal instillation for 10 weeks. Interestingly, we observed that concurrent deletion of Mmp12 (Kras LSL/G12D :Mmp12
) led to a significant increase tumor burden ( Figures  5C and 5D ) adding to evidence of a physiologic role for Mmp12 in tumor surveillance (8, 9) . Treatment of Kras LSL/G12D :Mmp12 2/2 mice with SR20 significantly reduced the overall tumor area by greater than 80% ( Figures 5C and 5D ) while also significantly reducing the tumor multiplicity (see Figure E8B ). In addition, tumors in SR20-treated mice harbored a greater percentage of apoptotic cells, as measured by TUNEL staining (Figures 5E  and 5F ), while having fewer dividing cells as measured by Ki67 positivity (Figures 5G  and 5H ). In summary, these data suggest that SR20 is an important physiologic inhibitor of tumorigenesis with therapeutic potential in lung cancer.
Discussion
In this study, we present novel evidence for an endogenous mechanism of tumor defense. Using multiple lung cancer cell lines, we show that SR20, a conserved 20 amino acid region in the CTD of MMP12, invokes a potent tumoricidal program. By up-regulating DR4 and its ligand, TRAIL, SR20 initiates an autocrine signaling loop leading to in vitro apoptosis of several lung cancer cell lines. Moreover, as seems to be the case with TRAIL, SR20 is cytotoxic to the tumor cell lines only while leaving noncancerous lung cells intact. SR20 is effective in inhibiting lung tumor growth in vivo hence raising the possibility of a novel and greatly needed therapeutic agent for lung cancer.
Previously, studies from our laboratory (8) and others (9) showed that MMP12 inhibits tumor progression and metastasis, attributing this effect to MMP12's ability to generate the angiostatic peptides angiostatin and endostatin. Interestingly, although our previous work found that tumor blood vessel density was decreased in Mmp12 2/2 mice, the levels of antiangiogenic peptides assayed were no different than those of wild-type control animals (8) . In identifying a direct tumoricidal role for MMP12 that is independent of its proteolytic activity, this study sheds new light on those earlier investigations. Although it is impossible to distinguish the actions of the MMP12 catalytic and CTDs in a targeted gene deletion model, these results suggest that the absence of SR20 may be either wholly or partially responsible for the increased growth of tumor metastases observed in Mmp12
The mechanism elucidated by this study shows a direct tumoricidal role for the SR20 fragment of the MMP12 CTD via TRAIL-mediated apoptosis. This region has previously been shown to mediate intracellular killing of bacteria by macrophages via disruption of lipid membrane integrity (28), whereas fulllength MMP12 has recently been shown to Values represent the percentages of cells in the respective phases of the cell cycle (G0-G1 or G2-M). The bars delineate the propidium iodide levels associated with the cell cycle phases. Data are mean 6 SD. P values were calculated by two-sided independent sample Student's t test. 7-AAD = 7-aminoactinomycin D.
possess transcription-modulatory activity residing in its catalytic domain (40) . As we confirmed, the MMP12 CTD also traffics to the nucleus and binds DNA regions upstream of the TRAIL gene, Tnfsf10. As CTD sensitizes TRAIL-resistant cells to its apoptotic signaling effects, it is likely that CTD regulates an entire set of target genes that may assist therapeutic efforts to overcome the characteristic resistance to TRAIL (49) . Interestingly, a nonsynonymous 1082A/G polymorphism Images were captured at 3100; scale bars are 10 mm. (F) A549 cytoplasmic and nuclear extracts were prepared at 0, 30, and 60 minutes after 50 mg/ml CTD treatment. Western blots are representative of three independent experiments. (G) A549 cells were cotransfected with pRL-CMV encoding Renilla luciferase and either pGL2-Basic, pGL2-Control, or pGL2-TRAIL encoding firefly luciferase and treated with 50 mg/ml CTD for 24 hours. Firefly luciferase activity was normalized to Renilla luciferase activity and expressed relative to vehicle-treated control animals (n = 6 replicates per group). Data are mean 1 SD. P values were calculated by two-sided independent sample t test. AU = arbitrary units; C = cytoplasmic; N = nuclear.
(N357S) in the SR20 domain of human MMP12 is associated with significantly worse outcomes in stage I human NSCLC (58) , suggesting that the efficacy of TRAIL induction may be diminished in patients harboring the 1082G allele. Our study is limited in that, although SR20 seems efficacious against primary murine lung cancers and human lung carcinoma cell lines, the efficacy of CTD and SR20 against primary human lung adenocarcinomas is not assessed. Human lung cancers are known to have varying sensitivities to TRAIL-mediated apoptosis that may include the activation of alternative progrowth signaling pathways (59) . However, the ability of CTD and SR20 to initiate cell death in A549 cells, which are known to be resistant to TRAIL-mediated apoptosis (49) , is promising in that it may have similar effects on resistant primary tumor cells. Furthermore, in light of preliminary evidence suggesting a transcriptional role for the MMP12 CTD, further benchtop studies are required to fully understand the gene networks whose expression is modulated by CTD, networks that may or may not work in synergy with the mechanism described in this paper. 
ORIGINAL ARTICLE
In this study, the concentration of SR20 delivered to the lungs, assuming efficient homogeneous delivery to a mouse lung volume of 1 ml, is several orders of magnitude higher than the concentration of MMP12 measured in the sputum of human smokers and nonsmokers (60) . In this way, the natural infiltration of macrophages to the tumor microenvironment is unlikely to produce enough MMP12 to replicate the antitumor effects that can be achieved with high, therapeutic doses of SR20 peptide. Although welltolerated by mice, additional studies are required to address the safety of administration of high-dose SR20 to patients. Nearly 25 years ago, the discovery of TRAIL brought great hope because of its ability to induce apoptosis in cancer cells while sparing primary nontransformed cells (61) . The discovery of the MMP12 CTD TRAIL-inducing and TRAIL-sensitizing effects suggests that SR20 may represent an opportunity to harness the actions of TRAIL in a potent new chemotherapeutic agent. n
